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,)The objective of this research project is to investigate the radiation-

induced deep-level defects in the one-MeV electron irradiated germanium and

AlxGa1-xAs with x=0.05 and 0.17 using the Deep-Level Transient Spectroscopy

(DLTS) and Capacitance - Voltage (C-V) techniques. The I-V and C-V

measurements were employed to estimate thd background concentration in Ge

i iated by the one-MeV electrons for flu~nces of x10 4 , lxl0 , 1x1 1 6

cm and in Al1XGaiAs for fluences of 1  and lx 16. The C-V and DLTS

measurements were used to determine the defect parameters such as energy

level, defect density and capture cross section of both electron and hole

traps. This information is vital for designing a radiation hard cascade

solar cell using materials such as germanium, GaAs and A1iGal' As.

Section II provides a brief overview of the radiation induced defects in

germanium and AlGaAs as reported in the literature. In section III the

results of the I-V, C-V and DLTS measurements on germanium samples are

discussed. The physical origin of the radiation-induced defects are also

depicted. Section VI described the DLTS and C-V results for the AlxGal_4As

(with x = 0.05 and 0.17) specimen. Conclusions are given in the section_

Section VI lists the references.

IL Radiatin Induced Defects in Germanium and AlxGal-xAs

2.1 Germanium

The high energy electron irradiation usually introduces vacancies and

interstitials in germanium. The defects created by the room temperature

irradiation are normally referred to as the secondary defects which are

different from the primary defects generated in low-temperature irradiation

such as vacancy-interstitial pairs. The major defects induced by irradiation

are explained as follows:

.}. ./ :....< ' .}. .. S..}... .. > . ? .. .. .... }.[. .? . .. .. ? ..? i . ... -.<-1'
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Deep-level defects induced in n-type germanium irradiated by high energy

electrons or gamma ray, are due to acceptor type vacancy related complex. It

is commonly known that one acceptor level around Ec- 0.2 eV and a deeper

acceptor level below the midgap were found in the electron irradiated

germanium specimen. The concentration of these two acceptor levels are

essentially the same [Reference 1]. It is noted that the Ev+ 0.17 eV hole

trap level has been neglected in the literature, while Curtis predicted the

existence of a hole trap level around 0.17 eV above the valence band

[Reference 2].

The physical origin of the Ec- 0.2 eV (including the Ec- 0.24 and Ec-

0.27 eV) is ascribed to the vacancy-substitutional impurity complex. The Ev+

0.1 eV is a divacancy-substitutional impurity complex [References 3-5]. The

defect introduction rate for these defects is independent of the electron

fluence but is dependent upon the doping impurity. Thus, it is believed that

these defects are likely to be impurity related.

The Ev+ 0.17 eV hole trap observed in the germanium samples studied

here, is attributed to a divacancy-interstitial impurity complex. This will

be explained further in section 3-3.

2.2 Alx(la_xAs Epitaxial Materials

No detectable deep-level defects was observed in AIxGal-xAS samples with

x = 0.05, while two electron traps with energies of Ec- 0.19 eV and Ec- 0.29

eV where observed in samples with x = 0.17. However, these two electron

traps were also observed in the unirradiated A1GaAs samples. Thus, they are

believed to be associated with the grown-in native defects and not the

irradiation-induced defects. Since they are not dependending on the doping

density and electron fluence, these two electron traps are not related to

impurities.

2



In the next section, we shall present the results of our DLTS analysis

of the radiation induced deep-level defects in germainum and AlGaAs samples.

Both materials are potentially useful for cascade solar cell applications.

III.Results of One-KeV Electron Irradiation in Germanium

3.1 I-V measurements

The current - voltage (I-V) relationship under forward bias condition

can be expressed by

JF=q(Dp/Zp) i/2ni 2ND exp(qV/kT) + q(W/2To ) ni exp(qV/2kT) (3.1)

The first term in Eq.(3.l) is the diffusion current component, and the second

term is due to the recombination current component. The empirical formula

for the current density under forward bias can be represented by

JF= A exp (qV/nkT), 1 _ n _ 2 (3.2)

From our DLTS results, we have found that the unirradiated germanium

samples used in the present study have a very high concentration of copper

impurity (which has the Ec- 0.26 eV and Ev+ 0.33 eV levels), their

recombination current component was found to be quite high compared with the

irradiated samples. The concentrations of the copper impurity were found to

be Nt= 2xl1 5 cm- 3 in samples with ND = 2x101 6 and Nt= 4x101 4 in samples with

ND = 1015 cm-3 . Copper can be easily found in germanium regardless of the

types of doping material or methods of quenching used [Reference 11].

Fig. 3.1 and 3.2 show the forward I-V curves of germanium diodes studied in

this work. The results show that values of recombination current do not

increase significantly with increasing electron fluence in these germanium

diodes. This result is consistent with our DLTS results in that no

significant increase in defect density was observed in the electron

irradiated germanium diodes when electron fluence is increased.

3
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3.2 C-V measurements

From the C-V measurements the background dopant density can be

determined by:

ND= 2/qts{ [ - A2/[ d (I/C2 )/ dV ] } (3.3)

where A is the area of germanium diode. Note that these germanium samples

are point contact diodes. Thus, it is difficult to measure the area

accurately. To overcome this problem, we determine the diode area from the

reverse breakdown voltage. Fig. 3.3 shows the breakdown voltage vs. impurity

concentration for the one-sided abrupt junction germanium diode. Two groups

of diodes with different breakdown voltages were used in this study. One

group of diodes has a breakdown voltage between 100 and 200 V, and the other

group of diodes has a breakdown voltage between 10 and 20 V. Accordingly,

the ranges of background doping density are varied between 6.5x1014 and

1.5x10 1 5 cm- 3 for diodes with 100 to 200 V breakdown voltage, and between

1.2x10 16 and 3.4x10 16 cm- 3 for diodes with 10 to 20 V breakdown voltage, as

predicted from the graph. The group with breakdown voltages between 100 and

200 V has a smaller estimated error of doping density if we assume ND= 1015

cm- 3. This result is in good agreement with our C-V measurements on the same

diode in which a dopant density of approximately 1015 cm-3 was deduced from

the C-V data. From the above analysis, the background doping density for the

100 to 200 V breakdown voltage diodes is assumed equal to 1015 cm- 3 and the

area of the diode is estimated to be 2.66x10- 5 cm2 . The results of the

measured C-V curves are shown in Fig. 3.4 and 3.5. In the germanium

diodes with 10 to 20 V breakdown voltages, the background dopant density was

calculated from the C-V curves for both the unirradiated and irradiated

samples. The results yield a dopant density of ND= 2xl0l 6 cm- 3 for diodes with

10-20 V breakdown voltage and ND= ix1015cm-3 for diodes with 100 - 200 Volts

6
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Fig. 3.3 Avalanche breakdown voltage vs impurity concentration

for one-sided abrupt junction.
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Fig. 3.4 Capacitance vs reverse-biased voltage for unirradiated

Germanium of breakdown voltage between 100 and 200 V.
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Fig. 3.14 The Arrhenius plot of defect level in unirradiated

Germanium.
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Fig. 3.13 OLTS scan of electron trap for unirradiated

Germaniurn.
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Fig. 3.12 OLTS scan of electron trap for Germanium

irradiated by One-MeV electron.
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Differentiating S(t) with respect to t and letting it equals to zero, yields

en-I = rmax = (tl-t 2 )/ln(tl/t2 ) (3.13)

which shows that en = l/rmax for each t I and t 2 setting. Thus, the time

ratio t1/t2 can be fixed and the different setting of t, and t2 produces

several DLTS scans. The activation energy of the trap can be determined from

the Arehnius plot of en/T 2 vs l/kT.

3.3.2 Results of the DLTS measurements

One-MeV electron irradiation with electron fluence, Oe = 1014, 1015 and

1016 cm- 2 are performed on germanium diodes with dopant density of ND= 1015

and 2x10 16 cm- 3 . 'These unirradiated germanium diodes contain copper imurity

which has four levels (Ec- 0.26 eV, Ec + 0.33 eV, Ev+ 0.04 and EV+ 0.008 eV).

Copper impurity is introduced regardless of the type doping material and

methods of quenching [Reference 11]. From our DLTS measurements, the Ec-

0.26 eV and Ev+ 0.33 eV levels were observed in the unirradiated samples;

these are shown in Fig.3. 12 to Fig.3. 16. However, it is likely that the

substitutional copper impurity is moved to the interstitial site by the

irradiation and finally precipitates to sinks like dislocations [Reference

6]. Hence, in the one-MeV electron irradiated germanium samples, the defect

levels caused by the copper impuity is assumed not to be observed in the DLTS

experiment. The very shallow levels caused directly or indirectly by copper

impurity might exist [Reference 7]. The Ec - 0.27 eV level observed in diode

with fluence of Pe = 1015 cm-2 , which is very close to the Ec-0.26 eV due to

the substitutional copper, is considered as the electron irradiation- induced

defect. Fig. 3.9 shows the major defect levels reported in the literature.

The dominant effect of bombardment of germanium is the introduction of

acceptor type defects.

18



where AC = Co - C(t), which is determined from the DLTS measurement. The

junction capacitance and the background concentration ND can be obtained from

the C-V measurements. Thus, the defect concentration, Nt, can be calculated

from Eq. (3.6).

The emission rate for an electron trap, which is functions of

temperature, capture cross section and activation energy, can be written as

en =(n < Vth>Nc/g )exp(-ET/kT) (3.7)

where &n is the electron capture cross section, <Vth> is the average thermal

velocity of electrons; Nc is the effective conduction band states; g is the

degeneracy factor, and ET is the activation energy. Eq.(3.7) can be

simplified to

en = BT2exp (-ET/kT) (3.8)

where B is a proportionality constant which is independent of temperature.

The capacitance transient is given by:

C(t) -C(o)exp(-t/r) (3.9)

where r = en-1 . The time setting tI and t2 are determined by the dual gated

boxcar averager, and the corresponding capacitance at t, and t2 is given

respectively by

C(tI ) = AC exp(-t1 /r) (3.10)

C(t2 ) =AC exp(-t 2/Z) (3.11)

The DLTS signal is obtained by taking the difference of Eq. (3.10) and (3.11)

which yields

S(r) = AC [exp(-tl/T) - exp(-t 2/Z)] (3.12)

17
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breakdown voltages. Plots of ND versus 1/C 2 are shown in Fig.3.6, 3.7, 3.11

and 3.12, respectively. For comparison, the calculated diode parameters are

summarized in Table 3.1.

3.3.1 Theory of DLTS Technique

Deep-Level Transient Spectroscopy (DLTS) technique is a high frequency

capacitance transient thermal scanning method which is useful for detecting a

wide variety of traps including both radiative and non-radiative centers in

semiconductors.

The DLTS technique reveals the spectrum of traps in a p/n junction or

a Schottky diode, and from which one can measure the activation energy,

defect concentration profile, and electron- and hole-capture cross sections

for each trap level. The defect concentration is proportional to the peak

height and this in turn is proportional to the capacitance change AC.

Therefore, the defect concentration Nt is related to the capacitance change,

AC, by the relation:

C(t) = [qs(ND-Nt)/2(Vbi+VR)]1/2

= C o(I-Nt/ND) 1/2  (3.4)

where Co= C (VR ) = [qEsND/ 2 (Vbi+ VR)]1/2 is the junction capacitance at the

quiescent reverse bias; Vbi is the built-in potential. Using the binomial

expansion and the condition that Nt/ ND" 1, Eq. (3.4) reduces to a simpler

form as:

C (t) Co(l - Nt(t)/2ND) (3.5)

Thus, the trap density os related to the change in capacitance by:

Nt= (2&C/Co)ND (3.6)

16
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Fig. 3.11 C2 vs reverse-biased voltage for Germanium of breakdown

voltage between 10 and 20 V irradiated by One-(fleV electron.
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Fig. 3.10 C2 vs reverse-biased vol tat,e for urirradiated Germanium of

breakdown voltage between 10 and 20 V.
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Fig. 3.7 C2vs reverse-biased voltage for Germanium of breakdown

voltage between 100 and 200 V irradiated by One-MeV electron.
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Fig. 3.6 C vs reverse-biased voltage for unirradiated Germanium

of breakdown voltage between 100 and 200 V.
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Fig. 3.5 Capacitance vs reverse-biased voltage for Germanium

irradiated by One-IleV electron with breakdown voltage
between 100 and 200 V.
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Fig. 3.17 OLTS scan of electron trap for GermaniUM

irradiated by One-MeV electron.
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0=10 (BV 100-200 V)
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E + 0 1 0 C e = 172 s-
E 0.0eVep
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77 ISO250

Fig. 3.18 DLTS scan of hole trap for Germanium

irradiated by Qne-MeV electron.
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Fig. 3.19 Arrhenius plot of electron trap for Germanium

irradiated by One-MeV electron.
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Fig. 3.20 Arrhenius plot of hole trap for Germanium

irradiated by One-Mey electron.
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Fig. 3.21 Arrhenius Plot Of hole trap for Germanium

irradiated by One-MeV electron.
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Fig. 3.22 The OLTS scan of electron trap for Germanium

irradiated by One-MeV electron.
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Fig. 3.23 The DLTS scan of hole trap for Germanium

irradiated by One-?leV electron.
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Fig. 3.24 Arrhenius plot of electron trap for Germanium

irradiated by One-MeV electron.
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Fig. 3.25 Arrhenius plot of hole trap for Germanium irradiated

by One-MeV electron.
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Fig. 3.26 OLTS scan of electron trap for Germanium irradiated
by One-rMeV electron.
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Fig. 3.27 DLTS scan of hole trap for Germanium

irradiated by One-MeV electron.

34



10

0- e=() 16 ([BV 100-200) V)

e/T 2  [E -0.238 cV

10- 2

73 77 81 85 89 93

I/kTr

Fig. 3.28 Arrhenius plot of electron trap for Germanium irradiated

by One-tleV electron.
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Fig. 3.29 Arrhenius plot of hole trap for Germanium irradiated

by One-MeV electron.

36

..................................



.Y,. . . -- .7 .-- ; -7. -.. .-

Table 3.2 Defect-levels reported previously in irradiated Germanium.

After Fan and Lark-Horovitz)

Traps (eV)

10 MeV Deutron EC-0.02 EC-0.l0 EC-O.23 Ec=0.35 Ev+O.2 Ev+0.08

4.5 MeV Electron EC0O.Ol E-0 .10 E0 -0.24 EcO0.35 Ev+0.22 Ev+O.lO

Fast Neutron EC-0.2 Ev+0.l8 EV+O.07

co 6o gamma rays Ec-0.2 Ev+0.26
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formation of a secondary defect. The model is given by

V + As. -> AsV (Ec- 0.2, Ec- 0.24 and Ec- 0.27 eV)

W + Ass-> AssVV (Ev+ 0.10 eV)

VV + Asi-> AsiVV (Ev+ 0.17 eV)

where As i and Ass denote arsenic interstitial and arsenic substitutional

site. Some of the irradiation-induced vacancies are trapped by impurity atoms

forming the Ec - 0.2 eV level as the impurity-vacancy pair if the impurity is

of group V. This is due to the fact that a negatively-ionized vacancy and a

positively-ionized impurity of group V attracts each other easily. The other

vacancies may be formed as the complex of divacancies. Hence these vacancies

can be involved in the formation of the Ev+ 0.10 and Ev+ 0.17 eV levels. The

Ec- 0.2 eV level is formed in the irradiated n-type germaniumm regardless of

the impurity of group V. The shift of energy level between the Ec - 0.2 and

Ec - 0.3 eV arises from different conditions of irradiation; that is, it

results from the relaxation effect during annealing.

Based on the published report of Fukuoka et. at [Reference 3], it is

concluded that the concentration of interstitial impurity by direct

displacement of electron irradiation is much higher than that formed by the

position exchange of self-interstitial with substitutional impurity. The

higher fluence of electron irradiation causes the higher density of

interstitial impurity but it decreases the density of substitutional

impurity, and therefore reduces the possibility of forming a VVDs  (e.g. Ev+

0.10 eV) level. This is indeed the case for diodes GE 11 and GE 13. The

total density of Ev + 0.10 and Ev+0.17 eV is approximately equal to 5.5x101 4

cm- 3 . Thus, there might be a competition in the formation of two defect

levels (Ev + 0.10 and Ev + 0.17 eV) in these irradiated diodes.
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Radiation introduces Frenkel pairs i.e., vacancy interstitial pairs. It

is assumed that no stable defects exist in the room temperature range which

can be attributed to an isolated vacancy or an isolated interstitial in

germanium.

In low-temperature irradiation experiment, the primary defect, a close

vacancy-interstitial pair, requires the least energy for its formation

[Reference 8].

In the irradiated germanium specimens, electron traps with energy of Ec-

0.2, Ec- 0.24, Ec- 0.27, and hole traps with energy of Ev + 0.10, Ev + 0.17

and Ev + 0.26 eV levels were observed. The density of the Ec- 0.2 eV

(including the Ec - 0.24 and Ec- 0.27 eV) level is not dependent on the

electron fluence but on the doping density. The defect parameters are listed

in table 1, and the DLTS results are shown in Fig. 3.17 through Fig.3.39.

The Ev+ 0.17 eV hole trap, which is present only in the arsenic-doped

germanium but not in antimony-doped germanium has not been reported

previously. The origins of irradiation induced defects in germanium samples

studied here are discussed as follows:

In germanium specimen irradiated by one MeV electrons, it seems that the

secondary defects appear as a result of radiation-induced conversion of

primary defects. These radiation-induced defects are capable of capturing

two electrons in n-type germanium and are therefore double-acceptor centers.

In low-temperature surroundings, most displaced atoms easily lose their

energies and therefore in high probability closely spaced double vacancies or

divacancies probably associated with interstitials or impurity atoms can be

formed. A negatively charged vacancy will migrate in the vicinity of a

positively charged interstitial impurity.

In the case where defects such as VDs , VVDs and VVD i are thought to be

formed in parallel process, a divacancy exists and participates in the
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Fig. 3.39 Arrhenius plot of major traps of Germanium irradiated
by One-fleV electron.
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Fig. 3.38 Arrhenius plot Of electron trap for Germnanium irradiated

by One-IIeV electron.
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Fig. 3.37 OLTS scan of electron trap for Germanium irradiated by

One-fNeV electron.
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Fig. 3.36 Arrhenius plot of electron trap for Germanium irradiated

by One-rleV electron.
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Fig. 3.35 OLTS scan of electron trap for Germanium irradiated
by One-IleV electron.
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Fig. 3.34 Arrhenius plot of hole trap for Germanium irradiated

by One-IleV electron.
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Fig. 3.32 OLTS scan of hole trap for Germanium irradiated

by One-IleV electron.
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Fig. 3.31 DLTS scan of electron trap for Germanium irradiated
by One-HeV electron.
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Fig. 3.30 Arrhenius Plot of hole trap for Germanium irradiated

by One-fleV electron.
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Gerasimov et al. [References 9,10] reported that annealing in the

temperature range 200-300 K increases the density of Ec - 0.24 eV while the

density of deeper acceptor states decreases with increasing annealing

temperature.

3.4 Summary

Electron irradiation introduces acceptor type states in germanium.

These remove electrons from the conduction band in n-type germanium. In the

n-type germanium irradiated by electron or gamma ray, the Ec- 0.2 and Ev+ x

eV (below the midgap), whose value of x depends on the doping material, can

be found (x = 0.10 for As and P, 0.12 for Sb, 0.16 for Bi). These two levels

have essentially'the same defect density.
The Ec- 0.2 eV, Ec- 0. 24 eV, Ec- 0. 2 7 , Ev+ 0.10, Ev+ 0.17 and Ev+ 0. 2 6

eV could be found from this experiment. Different fluences cause only the

different relaxation conditions of defect and thus shifts of the energy level

occur in the bandgap. Note that the introduction rate of defect

concentration does not depend upon the fluence but on the impurity

concentration. These defects cannot be attributed to isolated interstitials

* or isolated vacancies but to vacancy-impurity complexes or divacancy-impurity

*" complexes.

The Ec - 0.24 eV and Ev+ 0.10 eV have essentially the same density. The

origin of the Ev+ 0.17 eV is ascribed to a divacancy plus As interstial

complex.

The defect introduction rate is independent of the fluence, although the

*different fluences can give different conditions for the formation of

secondary defects that cause the shift of activation energy for the Ec- 0.2

level. Table 3.1 summarizes the results obtained from the DLTS analysis of

.* the one-MeV electron irradiation induced defects in germanium specimen.
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IV. 1eazlts of One-H-eV Electron Irradiation in AlxG3lxAs

4.1 I-V Measurements

The I-V measurements were performed on Al x, l xM p-n Junction cell with

x=0.05 and x=0.17 and irradiated by one-MeV electrons with fluence of te =

15 16 3Th
10 and 10 cm-3. The result is shown Fig. 4.1. The recombination current

component as given by Eq. (3-1), is larger in the sample irradiated with the

fluence e 1016 cm- 2 than the sample with Ce = 1015. However, from the

DLTS results, it is found that two electron traps, Ec- 0.19 eV and Ec- 0.29

*eV, have comparable concentration independent of the fluence level. It is

supported by the result of C-V measurement which shows higher carrier removal

in the sample with higher fluence.

4.2 C-V Measurements

The background carrier density in the AlGaAs epilayer can be calculated

from the C- 2 vs voltage plot as described in section 3.1. The result of this

*' calculation is summarized in table 4.1, along with the measured defect

parameters.

4.3 DLTS Measurements

The DLTS measurement was performed on Al Gal-x s p-n junction cells with

x=0.05 and x=0.17. The results show that no measurable deep-level defects

exist in samples with x=0.05 and two electron traps with energies of Ec- 0.19

* eV and Ec- 0.29 eV were observed in cells with x=0.17. Two trap levels have

almost the same trap density independent of doping concentration and

irradiation fluence.

Our observed electron traps are in good agreement with Ec- 0.20 eV and

Ec- 0.31 eV reported by Lang[References 12-13]. These defects are the grown-

in defects in that they exist in the unirradiated as well as irradiated

samples, and were found to depend very little on the total fluence of
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Fig. 4.2 Capacitance vs reverse-biased voltage for Al0 1 Ga0  As

irradiated by One-rleV electron.
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Fig. 4.3 DLTS scan of electron traps for Al0 1 Ga0 8 As irradiated by
One-MeV electron.
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Fig. 4.4 DLTS scan of electron traps for Al 0 .17Ga 0 .83As irradiated
by One-lMeV electron.
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irradiation and the background doping density. From Lang's report(Reference

12), the energy vs aluminum fraction x is shown in Fig. 4.5. In irradiated

AlxGai x o El, E2, A and B levels are usually the observed defects. The

origins of level A and B are unkown but they always exist in LPE AlGal-xAS

in the direct bandgap range ( x < 0.36 ). The E3 level is due to a vacancy

since this level remains fixed relative to the valence band with x changed.

The reason why these extra levels were not observed is not understood. More

samples should be tried in the future.

Fig 4.3.1 shows the result of DLTS measurement and table 4.1 lists the

defect parameters.

4.4 Summary

The reason why the Ec - 0.89 eV (which is a vacancy) was not observed in

AlxGal-xAS is not clear. Probably its concentration is too small compared

with the Ec - 0.19 eV and Ec - 0.29 eV electron traps.

The Ec - 0.19 eV and Ec - 0.29 eV levels are grown-in defects, and are

observed in samples with x=0.17 but not in cells with x--0.05.

V. Conclusicns

In n-type germanium irradiated by one-MeV electrons, electron traps such

as Ec-0.2, Ec - 0.24, Ec - 0.27 eV levels, and hole traps such as Ev+ 0.10,

&v+ 0.17 and Ev+0.26 eV were observed in these irradiated samples. The defect

introduction rate is independent of the total fluence but is dependent on

the density of doping impurity. None of them are attributed to a vacancy or

an interstitial related defect. They are attributed to the vacancy +

impurity complex related defects. One-MeV electron irradiation induces the

acceptor-type defect levels around the Ec - 0.2 eV below the conduction band

and another level below the midgap. These two levels have essentially the

same trap density.
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Table 4.1 One-MeV Electron Irradiation Induced [efects

in Al 0 . 17G30 83 As Materials.

Electron Fluence (e/cm2) Nd (cm-3) E.Yev) NT In(ut

16e 1 3.7x101 7  E - 0.19 1.12x1~l6  1.5x10o1 3

0 * 029 1.3xl0 2.7x,071 4

,6= o16 2.9xl01 7  Ec- 0.19 1.08x101 6 6.99x10'14

Ec- 0.29 l.13x10'6  5.l4Xl0-14
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The E + 0.17 eV level is attributed to a divacancy-bismuth complex

located at 0.16 eV above the valence band. However, it cannot be concluded

that the Ev+ 0.17 level is associated with bismuth impurity. It is known

that two acceptor-type levels, where one is above the midgap and the other is

below midgap, have the same trap density. Thus, the sum of densities of the

Ev+ 0.10 and Ev+ 0.17 eV should be less or equal than the density of the Ec-

0.24 eV under the assumption that the Ev+ 0.17 level is associated with

bismuth impurity. This is not true from our present experiment. The sum of

the densities of the Ev+ 0.10 eV and the Ev+ 0.17 eV is in fact exceeding the

density of the Ec - 0.24 eV. This is unreasonable since it contradicts to the

fact that annealing of the deeper acceptor levels increases the concentration

of the Ec - 0.24 eV level in the temperature range from 200-300 K. Therefore

it can be concluded that the Ec+ 0.17 eV level is a divacancy + interstitial

arsenic complex.

In short, germanium cells show strong radiation hard characteristics,

and should be suitable for use as a bottom cell material for cascade solar

cell applications.

In AlxGal-xAS with x = 0.05 and 0.17 irradiated by one-MeV electron,

only the Ec- 0.19 and Ec- 0.29 eV were observed in cells with x = 0.17. None

were found in A10.05Ga.95As. Since these two levels are independent of the

electron fluence and background carrier concentrations they are grown-in

defects. The effect of one-MeV irradiation on the deep-level defects in

AlGaAs material is to cause some increase in the density of the two native

defects observed in the as grown samples while no new deep-level defects were

found in the A1GaAs materials by electron irradiation.
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